INTRODUCTION
Shallow-marine communities around tropical America underwent significant change in the late Cenozoic (Coates et al., 1992) . These changes include increased speciation and extinction of mollusks (Allmon, 1992; Allmon et al., 1993; Jackson et al., 1993 Jackson et al., , 1996 Jackson et al., , 1999 , changes in the body size of various mollusks (Jackson et al., 1996; Roopnarine, 1996; Anderson, 2001) , decrease in the abundance of suspension feeders and their predators (Todd et al., 2002) , changes in coral diversity and reef structure (Budd et al., 1996; Collins et al., 1996) , and the disappearance of some highly specialized molluscan symbioses (Vermeij, 1998) . A regional decline in planktonic productivity related to changing ocean circulation associated with final closure of the Central American seaway has been implicated in these biotic changes (Woodring, 1966; Vermeij, 1978; Vermeij and Petuch, 1986; Allmon, 1992; Allmon et al., 1993; Jackson et al., 1993; Todd et al., 2002) . Although open-ocean sediment cores from both the Pacific and Caribbean Basins show profound changes in ocean circulation resulting from constriction of the Central American seaway (Emiliani et al., 1972 Keigwin, 1982; Haug and Tiedemann, 1998; Chaisson and Ravelo, 2000; Haug et al., 2001; Kameo, 2002) , it is unclear how or to what extent these changes may have affected coastal communities. Here we examine changes in the growth rate of carbonate and biomass of Crassostrea oysters in order to see if these important suspension feeders reacted to changing ocean circulation and planktonic productivity in the late Cenozoic. Crassostrea mostly consumes phytoplankton through suspension feeding (Langdon and Newell, 1996) and should, therefore, have been sensitive to changes in planktonic productivity through time. Changes in phytoplanktonic food supply have been shown to affect the growth and survival of living Crassostrea (Brown and Hartwick, 1988; Lenihan et al., 1996; Lenihan, 1999) . In addition, other environmental factors, such as temperature, salinity, and current velocity, are also known to affect growth of Crassostrea, as well as other mollusks (Remane and Schlieper, 1971; Lenihan et al., 1996; Lenihan, 1999) .
METHODS
We examined 542 oyster shells from 24 localities in tropical America ranging in age from the Miocene to Holocene in collections at the Naturhistorisches Museum Basel and U.S. National Museum of Natural History (Table 1 ; Fig. 1 ). We recognize three species in these collections: (1) shallow-marine Crassostrea cahobasensis from Miocene and Pliocene localities in both the Caribbean and Pacific Basins, (2) marginal-marine Crassostrea virginica and Crassostrea aff. C. virginica from Pliocene-Holocene localities in the Caribbean, and (3) marginal-marine Crassostrea columbiensis from Pleistocene-Holocene localities in the Pacific (Woodring, 1982; Harry, 1985; Kirby, 2001) . A collection of extant C. columbiensis was also assembled in October 2002 from the Santa Maria estuary at El Rompío, Panamá. Stratigraphic age for each locality was derived from museum collections and from Woodring (1982) , Dengo and Case (1990) , and Collins and Coates (1999) , and was updated to the most current time scale (Berggren et al., 1995) . The carbonate mass (m carb in g) produced per individual was calculated from measurements of shell height (H), length (L), and thickness (W) (all in cm) of the left valve multiplied by the shell density ( in g/cm 3 ):
carb Dial calipers were used to measure shell height at the longest dimension of the left valve, length was measured perpendicular to height, and thickness was measured at the ventral margin of the adductor muscle scar ( Fig. 1 of Kirby, 2001 ). We used a conservative estimate for shell density that takes into account the differing percentage of lighter chalky deposits relative to the denser foliaceous layer contained in shells of Crassostrea (Palmer and Carriker, 1979) . On the basis of estimates of the percentage of chalky deposits in Quaternary and Tertiary Crassostrea (Kirby, 2001) , we used an average shell density of 2.35 g/cm 3 for C. virginica and C. columbiensis and 1.40 g/cm 3 for C. cahobasensis. These estimates are similar to those estimated for living C. virginica (Palmer and Carriker, 1979) and Miocene C. gravitesta (Chinzei, 1995) , respectively. As a test of this method, the estimated mass of carbonate derived from 35 living C. virginica did not differ significantly from the measured mass of carbonate (paired t-test, p ϭ 0.0945). Biomass was estimated from the cross-sectional area of the adductor muscle, which is used to oppose the spring-like ligament, thereby allowing the oyster to adduct both valves. The area of muscle insertion leaves behind a distinctive trace in each valve known as the muscle scar, which is easily identified in both fossil and modern shells. Estimates of total biomass were made in the absence of the actual soft tissue by first measuring the area of the muscle scar with a visualanalysis computer program (NIH Image 1.62) from a scanned image of each muscle scar. Biomass was then estimated by using the relationship between muscle scar area (A, in cm 2 ) and dry biomass (m bio in g) measured in 34 living C. virginica:
We estimated the life span of individual oysters by counting the number of annually formed, skeletal growth increments in each left valve (Kirby et al., 1998; Kirby, 2000 Kirby, , 2001 . Growth rates of carbonate and biomass were calculated from these shell measurements and estimated life spans. We used Kruskal-Wallis and Mann-Whitney U-tests to test whether growth rate and life span differed significantly between species (Sokal and Rohlf, 1995) .
RESULTS
The data show a significant difference in both growth of shell carbonate and biomass between all species of Crassostrea examined in this study (p Ͻ 0.0001; Fig. 2 ). Both Miocene and Pliocene C. cahobasensis grew faster than Quaternary C. virginica and C. columbiensis (p Ͻ 0.0001). Pliocene C. cahobasensis grew slower than Miocene C. cahobasensis, but this difference is not significant (p Ͼ 0.15). Pliocene Crassostrea aff. C. virginica grew significantly slower than Pliocene C. cahobasensis (p Ͻ 0.0045), whereas Pliocene Crassostrea aff. C. virginica and Quaternary C. virginica had similar growth rates (p Ͼ 0.19). Life span was not significantly different between time intervals (p ϭ 0.8862). These patterns of growth are clear when mean carbonate and biomass are plotted as a function of life span (Fig. 3) . Miocene to Pliocene C. cahobasensis grew faster after 1-2 yr of life relative to C. virginica and C. columbiensis.
DISCUSSION
Crassostrea oysters have lived in one of two environments during the Cenozoic (Kirby, 2000 (Kirby, , 2001 . Species have either inhabited marginal-marine environments (brackish, hypersaline, intertidal), which are unfavorable to their marine predators (Galtsoff, 1964; Carriker and Van Zandt, 1972; O'Beirn et al., 1996; White and Wilson, 1996) or, alternatively, they have inhabited shallow, fully marine environments where they survived marine predation by growing thicker shells that offered protection against predators (Kirby, 2001) . Today, Crassostrea species only inhabit marginal environments (Harry, 1985) , but during the Tertiary, various species also inhabited fully marine environments where they grew very large body sizes (Stenzel, 1971 ; Kirby, 2001) . Crassostrea cahobasensis represents one of these large, fully marine species (Woodring, 1982) . The stratigraphic distribution of Crassostrea species examined in this study indicates that C. cahobasensis disappeared in the Pliocene, whereas marginal-marine C. virginica survived in the Caribbean and C. columbiensis survived in the Pacific. The youngest occurrence of C. cahobasensis found in this study was in Pliocene deposits from Venezuela and Nicaragua; the oldest occurrence of Crassostrea aff. C. virginica was in the MiocenePliocene August Town Formation of Jamaica, and the oldest occurrence of C. virginica was in Pleistocene sediments of the Limón Basin, Costa Rica. There are two alternative explanations for this pattern. Either C. virginica and C. columbiensis descended from C. cahobasensis, or alternatively, C. cahobasensis went extinct at the end of the Pliocene, and C. virginica and C. columbiensis were already present or had invaded from elsewhere. Given the broad biogeographic distribution of both C. virginica and C. columbiensis (Gulf of St. Lawrence to Brazil and Gulf of California to Chile, respectively; Carriker and Gaffney, 1996) , as well as reports of both species from pre-Quaternary localities (early Miocene C. virginica in Delaware and New Jersey [Lawrence, 1995] ; Pliocene C. columbiensis in California [Moore, 1987] ), we find the first alternative unlikely. It is more plausible that C. virginica and C. columbiensis descended from an estuarine species in the late Tertiary either in tropical America or elsewhere. Their marginal-marine habitat provided these species refuge from fully marine predation, whereas larger and faster-growing C. cahobasensis went extinct in the Pliocene. Differences in growth rate between C. cahobasensis and C. virginica-C. columbiensis are most likely due to proximate differences in environment, as marginal-marine environments vary more in temperature, salinity, and productivity, all of which affect growth rate, relative to fully marine environments.
Our results showing (1) the extinction of a fast-growing oyster from shallow-marine environments and (2) the continued survival of slower-growing oysters in marginal environments are consistent with previous studies that examined body size of tropical American bivalves in the late Cenozoic. Roopnarine (1996) reported the extinction of all large-bodied (Ͼ35 mm) species of chionine bivalves after the early to middle Pliocene in the southern Caribbean Sea (Atlantic Gatunian province). Anderson (2001) showed a significant decrease in body size of Caribbean corbulid bivalves after the Miocene. Our data are also consistent with studies that looked at broad changes in molluscan life habits and trophic composition through the late Cenozoic of tropical America. Todd et al. (2002) noted a significant decline in the relative abundance of bivalve suspension feeders between the Miocene and early Pliocene, as well as between the early Pliocene and late PlioceneQuaternary. These patterns of smaller, fewer, and slower-growing suspension feeders may relate to regional changes in ocean circulation resulting from constriction of the Central American seaway. Changes in ocean circulation almost certainly affected environmental factors that can influence growth in suspension feeders, particularly changes in temperature, salinity, and planktonic productivity. In our study, the extinction of C. cahobasensis may reflect the major constriction of the Central American seaway between 4.7 and 4.2 Ma. This time frame is based on the increasing surface-water salinity in the Caribbean (Keigwin, 1982; Haug et al., 2001) , an increasing temperature gradient in the Pacific (Chaisson and Ravelo, 2000) , increases in carbonate sand deposits and ␦ 13 C values of epibenthic foraminifera in the Caribbean (Haug and Tiedemann, 1998) , and cessation of vast diatom-mat assemblages in the eastern equatorial Pacific (Kemp and Baldauf, 1993) . Although these deep-marine records were derived from open-ocean settings, a corresponding change in shallow-marine benthic foraminifera and corals indicates that changes in ocean circulation also affected nearshore environments during this interval (Collins et al., 1996) .
Alternatively, the extinction of C. cahobasensis may have occurred during the end-Pliocene reorganization of shallow-marine communities that occurred ϳ1 m.y. after final closure of the Central American seaway (Allmon et al., 1993; Budd et al., 1996; Jackson et al., 1993 Jackson et al., , 1996 Jackson et al., , 1999 . Stratigraphic resolution, however, is not fine enough to resolve when in the Pliocene C. cahobasensis went extinct. The Pliocene units that contain C. cahobasensis include the Chiguaje Member of the Codore Formation, the Turupia Member of the Canjarao Formation, and the El Salto Formation; the first two are from the Falcon Basin of Venezuela, and the last is from San Rafael, Nicaragua. As all of these formations are poorly dated, only detailed biostratigraphic analysis will resolve this issue. For now, however, we may infer that the extinction of fast-growing, shallow-marine Crassostrea in the Caribbean coincided with regional changes in ocean circulation and productivity during the Pliocene, whether resulting from the earlier constriction of the Central American seaway at 4.7-4.2 Ma (Haug and Tiedemann, 1998; Haug et al., 2001) or from the seaway's final closure in the late Pliocene ca. 3.1-2.8 Ma (Coates and Obando, 1996) .
CONCLUSION
Our study is the first to quantify growth rate of carbonate and biomass in a shallow-marine suspension feeder in order to examine how suspension feeders may have responded to changing ocean circulation and productivity in Pliocene tropical America. We control for life span as a factor when comparing body-size data by examining skeletal growth increments that formed annually. A new technique for estimating biomass in fossil bivalves allows our study to show differences in growth of soft tissue in suspension-feeding oysters during this interval. Extinction of fast-growing C. cahobasensis from shallowmarine environments and the continued survival of slower-growing species of this genus (C. virginica and columbiensis) in marginalmarine environments are consistent with the view that changes in ocean circulation and productivity had an effect on these suspension feeders.
This study demonstrates that using both body size and life span to estimate growth rate can allow us to infer how benthic suspension feeders have responded to changes in their environment that affect growth.
